Since 1952 two to three deaths from primary cancer of the lung have occurred regularly each year among the male inhabitants of the small fluorspar mining community of St. Lawrence, Newfound- land. These constituted 23 of the 51 deaths that occurred during the 10-year period 1952-61 among employees with one or more years of underground mining experience. A shift to a younger average age at death from lung cancer and an association between age at entry into risk and age at death were observed. Comparisons between the mortality experience of the inhabitants of St. Lawrence, of a control community of comparable size in the same geographical region, and of the population of the rest of Newfoundland confirmed the probability of an occupational factor, the observed death rate from lung cancer being about 29 times the expected.
The outstanding environmental finding in the fluorspar mines was the discovery of concentrations of radon and daughter products in the air well in excess of suggested maxilnum permissible concentrations. On the basis of these concentrations and other considerations, it is suggested that underground workers were probably exposed to an average potential alpha-energy to complete decay of between 2X5 and 10 times the previously suggested working level of 1X3 x 105 Mev per litre of air (Holaday, Rushing, Coleman, Woolrich, Kusnetz, and Bale, 1957) . That these levels were obtained in mines in which no radioactive ore bodies have been found is of exceptional interest. The findings at St. Lawrence are compared with those reported in the literature for uranium mines.
For some years the Newfoundland Department of Health has been concerned about the incidence of pulmonary disease among the fluorspar miners of St. Lawrence.
Tuberculosis has long been a major public health problem in Newfoundland (Garland and Hart, 1946) , and a certain incidence of this disease in a mining population was to be expected. A number of cases of pneumoconiosis had also been recognized during the previous 10 to 12 years. However, interest centred on an apparently high incidence of lung cancer which seemed to affect only the male population of St. Lawrence.
In 1956, at the request of the Newfoundland Department of Health, the Occupational Health Division of the Department of National Health and Welfare began studying the extent of dust hazard in the mines. In 1958 the scope of this project was expanded to include radiation measurements, epidemiological and clinical investigations, and experimental laboratory studies. Community as well as occupational factors were included.
St. Lawrence
St. Lawrence is located on the south-east tip of the Burin Peninsula, which is the southern portion of the long boot-shaped peninsula on the south coast ( Fig. 1) . At the 1956 census the population of St. Lawrence was 2,078.
Temperatures in this area rarely fall below 0°F. (-17-80C.) in the winter or rise above 80°F. (26 7°C.) in the summer. Annual precipitation is approximately 50 in. (127 cm.). The area is frequently blanketed by fog or swept by high winds.
The terrain is characterized by rocky outcrops, low-lying hills, and sparse and stunted vegetation; 90% of the St. Lawrence area is treeless. The soil is thin, and few areas are suitable for agricultural purposes. A great variety of minerals occurs in the area, but fluorspar is the only one known to be present in economic quantities.
For many years St. Lawrence was an isolated fishing community located along the natural harbours of Great and Little St. Lawrence. Practically 94 the only means of communication with other parts of the island was by sea. Little migration of population took place. The sale of salt-cured fish was the chief source of income. Shortly after World War I the price of salt-cured fish started to drop. The gradual economic decline that followed in St. Lawrence reached a disastrous level with the simultaneous occurrence of the depression years and the Grand Banks earthquake and accompanying tidal wave of 1929. The tidal wave destroyed all the fishing equipment in St. Lawrence; the earthquake disrupted the fishing grounds. By 1933 the inhabitants of the area were poverty-stricken, and malnuttition was prevalent (Adamson, Jollife, Kruse, Lowry, Moore, Platt, Sebrell, Tice, Tisdall, Wilder, and Zemechnik, 1945) .
Just at this time economic development of the fluorspar deposits began. This provided work for a number of men in the community, and eventually mining displaced fishing as their principal occupation.
Mining Development Fluorspar (fluorite, calcium fluoride, CaF2) is used in the making of aluminium and steel and as a source of fluorine in the manufacture of such chemicals as hydrogen fluoride and various fluorinated hydrocarbons. (12-1-5 m.), an average fluorite content of 90%, and an average silica content of 5 % to 6 %; random samples have contained 0-02 to 04% manganese, 0-002 to 0-0l % nickel, < 001 % chromium, and 0-27 % yttrium; neither arsenic nor cerium has been detected (analyses by Mines Branch, Ottawa). The only rare earth so far reported is the naturally radioactive samarium-147, which was present in one sample to the extent of not more than 0-05 x 10-12 curie/g. (value obtained through the courtesy of Professor W. V. Mayneord, London).
The lower-grade veins have an average width of 15 to 20 ft. (4-5-6-0 m.), an average fluorite content of 60 to 70%, and an average silica content of 15 to 20%. In the wider, lower-grade veins, the silica occurs both as free silica in the granite and as finely disseminated silica mixed with fluorite (locally termed 'blastonite'). 1933-41 1933-57 1935-57 1936, 1942, 1956, 1942-present 1957-62 Depth of open pit working (ft.) 90 (27-4 (Van Alstine, 1948; Snelgrove and Baird, 1953; Carr, 1958; Newfoundland Fluorspar Ltd., personal communication, 1962) . The modem phase of mining development began in 1933. A summary of the main characteristics of five of the mines is given in Table 1. Initially, development was by open cut, using quite primitive tools. Later, shafts were sunk and the ore was extracted by standard underground mining procedures. However, it was not until 1942 that wet drilling came into general use. Shrinkage stoping methods were used until very recently when cut-and-fill methods were adopted. Ore was usually extracted from the stopes in approximately 6-ft.
(1-8 m.) lifts, this process being continued until the stope reached the level above. In mine No. 3, necting raises between levels were driven at the ends of the stopes after the stope had reached a height of 45 to 60 ft. (13-7-18-2 m.) above the drift level (Carr, 1958 (Transcint)* equipped with a ratemeter having ranges of 0-1,000, 0-10,000, and 0-100,000 counts/min.; then converting observed counts per minute to total alpha-energy to complete decay, per unit volume of air sampled, at the time of sampling. Kusnetz found that, even under conditions of extreme non-equilibrium, the use of his method resulted in a maximum error of from 12 % overestimation to 7 % underestimation of the total potential alphaenergy to complete decay. These possible errors are small compared with other uncertainties in estimating the human hazard from breathing radon and radon daughter products.
The Transcint was carried throughout the day in the mine; readings were made whenever required at the nearest convenient location. Repeated checks of the instrument revealed no contamination. The efficiency of the instrument, which was checked daily by the use of a radium foil standard source, was approximately 33 %.
Samples for radon-222 measurements were collected by admitting air through a membrane filter into an evacuated aluminium chamber having interior dimensions of 4i in. (114 mm.) diameter and i in. (19 mm.) depth; the interior surface of the aluminium was covered with white enamel. One side of the chamber was a lucite window (sealed with an 'O' ring) coated on the inside with zinc sulphide phosphor. The radon samples were counted above ground, after the radon daughters had reached equilibrium, by placing the lucite windows of the sample chambers over a photomultiplier tube in a light-tight box. After a few minutes in darkness had been allowed for decay of phosphorescence, the activities of the samples were measured with a ratemeter unit (or, in the case of low activity samples, with a simple scaling circuit). From these data, the concentrations of radon existing in the air at the times of sampling were calculated (Simpson, Stewart, Yourt, and Bloy, 1958) .
Gamma radiation levels were measured by means of a Geiger-type instrumentt, whose calibration had been checked in the laboratory by means of a radium source. The shielding around the tube was sufficient to absorb all beta particles except those having an energy greater than 1 Mev (million electron volts). The instrument was broken towards the end of the survey before measurements could be made on the bottom level of mine No. 5 where the highest radon daughter concentrations had been found. Film badges were therefore set up on stakes at two different locations on this level of the mine and collected after periods of exposure of two, four, and six weeks. Some of these films were sealed in plastic envelopes to protect them from moisture.
From May to December 1960, each worker in mine No. 5 wore a film badge, which was changed each month. No special precautions were taken to protect these films against moisture, and no corrections were made for the possible effects of humidity. All badges were supplied and evaluated by the Radiation Protection Division, Department of National Health and Welfare, Ottawa.
Identification oJ the Materials Sampled.-This was done by determining the half-lives of two membrane-filter samples. The rate of decay of one, measured between 130 and 350 minutes after sampling, indicated a half-life of 32 minutes; the rate of decay of the other, measured between 65 and 300 minutes after sampling, indicated a half-life of 33 minutes. These values are compatible with those observed from known mixtures of radon daughters, measured at comparable times after sampling.
The half-lives of three gaseous samples were found to be 3 4, 3-6, and 3-85 days respectively. The half-life of radon-222 is 3-825 days.
Further indirect evidence that the radioactive materials in the mine atmosphere were radon-222 and its daughters was provided when five water samples, collected at various underground locations, were analysed by gamma spectrometry at the laboratories of Atomic Energy of Canada Limited, Chalk River (A.E.C.L.); the activities of the samples decayed with a half-life of 3-8 days, while the spectrum observed in each case was that of the radon daughters.
Maximum Permissible Levels.-Although it is usually easier, in the field, to measure radon daughters rather than radon, no maximum permissible concentrations in air ((MPC)a) for daughters alone has been established by the International Commission on Radiological Protection (I.C.R.P.). However, Holaday et al. (1957) proposed that 1-3 x 105 Mev of potential alpha-energy per litre for radon daughters (RaA, RaB, and RaC) be used as a suggested working level (SWL) for a 40-hour week exposure. This is the amount of energy that will be released by the decay, through RaC' of 100 pico-curies (pc) of ,each of these elements, and these are the quantities of the daughter products that would be in equilibrium with 100 pc of radon.
The latest (1959) For occupational exposure to external gamma radiation, the 1959 I.C.R.P. recommendations imply that the whole body average exposure rate should not exceed 100 milliroentgens (mr) per 40-hour week, which is equivalent to 2-5 mr per hour.
Data.-Radon and radon daughter measurements are summarized in Table 4 . For locations where more than one radon daughter sample was taken the concentration values were averaged, and this average value was used to assign this location to a concentration range. In mine No. 4, the mean value of the average concentrations of radon daughters found in all the working places was 2 95 x SWL. The range of these average concentrations was < 0 05 to 15-7 x SWL; the median was 0 77 x SWL. The highest individual value was 27 x SWL.
Values of individual radon samples taken at four different working places in this mine were 54, 123, 510, and 1,250 pc per litre.
In the much larger and deeper mine No. 5, the average radon daughter concentrations in nine accessible working places (which included only one stope), which were ventilated by natural draft, ranged from 0-4 to 8-0 x SWL, with a mean of 3-6 and a median of 3-5. For five other working locations, which were ventilated by mechanical means, the range was 0 3 to 1-3, mean 0 7, and median 0-6.
In non-working, unventilated areas of mine No. 5, considerably higher radon daughter concentrations were found, the highest individual value being 193 x SWL.
Values of individual radon samples taken in working areas in this mine ranged from < 0-2 to 1,510 pc per litre (average 490, median 297). The highest concentration actually measured in a non-working area was 13,300 pc per litre. However, on the basis of the comparative values Radon and gamma measurements were made simultaneously. Radon daughter measurements were made two to six weeks previously.
Where more than one radon daughter concentration is shown for one location, the different values were obtained on different days. of radon and radon daughters given in Table 5 , it may be roughly estimated that the radon concentration associated with the radon daughter level of 193 x SWL previously mentioned was 25,000 pc per litre.
In the two surface plants, radon daughter concentrations were low, many being below the limit of detection of the Transcint (about 0 05 x SWL). The only place where the SWL was exceeded was inside a shaft bin where the ore is dumped when it comes up from the mine. Values of 0 9 and 1-6 x SWL were obtained here on two separate occasions.
After completion of this work, further measurements were made in one of the mines by an independent consulting firm, who used an ionization chamber method for measuring the activity of the radon daughters. In general, their results confirmed our findings. Values similar to those found at location no. 16 were obtained by film badges on stakes at one location on the bottom level of mine No. 5. The gamma dose rate here was 120 mr/2 weeks (equivalent to 0-36 mr/hr), while the average radon daughter concentration was 106 x SWL. At another location on this same level, the gamma dose rate as measured by film badges was 25 mr/2 weeks (equivalent to 0-074 mr/hr).
None of the film badges worn by the miners indicated exposures in excess of 20 mr/4 weeks. The limit of detection for radium gamma rays using the film method was about 20 mr. The proportion of right to left sided tumours was 17 to nine (including case 29 for whom a bronchial site of origin has not yet been determined). The majority of the tumours in the right lung involved the middle and lower lobes.
Medical Studies
The incidence of active and old or 'healed' tuberculous lesions could not be determined with accuracy from the clinical and radiological information. Tuberculosis was, however, suspected on the basis of radiological appearances in seven cases. In two of these seven cases, and in four others, cavities were suspected radiologically at one time or another. One cavitating tumour was demonstrated. Evidence of tuberculosis was found in the suspected case (14) mentioned earlier, and in another proven case of lung cancer a small area of calcification in the tumour suggested the presence of a long-standing inflammatory lesion with fibrosis.
The smoking histories for 20 cases were obtained from the clinical histories and a number of sources in the community. These (Table 8) .
The observed incidence of lung cancer was 28-76 times the expected for this group of mining employee deaths. In the Newfoundland population, the maximum incidence occurs between the ages of 55 and 64; in the St. Lawrence population, a shift to a younger age group is indicated.
The method suggested by Doll (1958) (Table 9) , eight-year death rates by sex and age groups, and deaths by age groups for certain causes (Table 10) . Broad age groups were used throughout this analysis because of the small numbers occurring in the mortality data for St. Lawrence and Grand Bank.
Although the total population of St. Lawrence (2,078) is comparable in size to that of Grand Bank (2,430), there were differences in the distribution of the population in certain age groups. Of particular interest is the smaller proportion of males in the age group 20-64 years in St. Lawrence as compared with both Grand Bank and Newfoundland as a whole. On the other hand, the male death rate for St. Lawrence in this age group was significantly higher than that for either Grand Bank or Newfoundland (119-0 per 1,000 population as compared with 50'7 and 36 6 per thousand, respectively). The death rates for St. Lawrence females in the age group 'all ages' are significantly lower than those for Newfoundland, which, in turn, are lower than those for Grand Bank.
The selected 'cause of death' groups, by age group for the male populations of St. Lawrence and Grand Bank, are given in Table 10 . Ninety-six male deaths, including 58 mine employee deaths, among both surface and underground workers, occurred in St. Lawrence during the period 1952-59. Grand Bank had a total of 98 male deaths in the same period.
Major differences occurred primarily in the two cause groups, 'tuberculosis, including silicosis' (Al and 523) and 'malignant neoplasm of all sites' (A44-A59). However, when the sub-group 'malignant neoplasm of trachea, bronchus, and lung' (A50) was excluded from 'malignant neoplasm of all sites', the differences in this latter group became negligible. In the sub-group 'malignant neoplasms of trachea, bronchus, and lung', the number of male deaths observed in St. Lawrence in the age group 20-64 years was very much higher than expected on the basis of comparisons with Grand Bank and with Newfoundland.
There were no important cause group differences between the female population of St. Lawrence and Grand Bank or of St. Lawrence and Newfoundland. Some differences occurred when the data for females of Grand Bank were compared with those of Newfoundland, but these did not involve malignant neoplasms of the trachea, bronchus or lung.
These comparisons revealed no differences of importance to the present study other than those which can be directly related to the male population in St. Lawrence. Further analysis of the data showed that, in the male age group 20-64, tuberculosis of the respiratory system, including pneumoconiosis, selectively greater susceptibility to the disease in younger men; to a relationship between the age at first exposure to risk and the age at onset; or some combination of these factors (Case, Hosker, McDonald, and Pearson, 1954) . We do not believe that any significant differences exist with respect to survival time between our series and others. The effect of age on susceptibility will be explored more fully in the detailed occupational mortality study. For all practical purposes, the data suggest that the age at death is entirely dependent upon the age at entry into risk (Fig. 3) . Whether this is due to an association between dose, in terms of accumulated duration of underground exposure, and survival time (with the data in their present form no such direct association could be demonstrated), to a simple threshold effect or a combination of factors is uncertain.
id 2-33 per 1,000
Inhalation Hazards.-An inhalation hazard is on groups 1 to 3, suggested by the distinct hilar distribution of the tumours and the greater involvement of the right lower lobe, which normally receives the greater rence Cases.-In portion of the tidal volume (Altman, 1958 From a study of data that had been published previously by others, Evans and Goodman (1940) calculated the average radon concentration in the mines of Jachymov and Schneeberg to be 2,900 pc per litre. In the review by Lorenz (1944) Lorenz (1944 ), Hueck (1939 quoted by Lorenz (1944), and Peller (1939) . Of these, 60 or 51-7% were due to lung cancer.
The average duration of underground or radium factory exposure of nine cases from Jachymov, as described by Pirchan and Sikl (1932) (years) ranged between 40 and 67 years (average 50 years). The average age at death of 13 cases from Schneeberg described by Rostoski and others (after Lorenz, 1944) was 55 years (range 37-69 years).
In 1952 the range of radon concentrations found in uranium mines in the United States of America was 70-59,000 pc per litre (Holaday et al., 1957) . These figures are given to indicate the range that is known to have occurred; they do not necessarily reflect present-day working conditions. Large-scale mining of uranium ore in the United States started during World War II, but the number of miners involved at first was only a few hundred. Lung cancer accounted for five of 44 deaths, or 11 4%, among 907 white underground miners aged 20 years and over and with three or more years of underground uranium mining experience as of 1957 (Archer, Magnuson, Holaday, and Lawrence, 1962) . The fact that the uranium mining industry in the United States is still a comparatively recent one, and the difficulties associated with observing and interpreting findings concerning a highly mobile group of miners, emphasize the opinion of Archer and others that it is still too early to define with precision the health status of uranium miners in the United States.
According to Oosthuizen, Pyne-Mercier, Fichardt, and Savage (1958) , radon concentrations in South African gold and uranium mines were of the order of 25-50 pc per litre of air in areas where the uranium content of the ore is unpayable with occasional values of 200-300 pc per litre. In areas where the ore is payable, the radon concentrations were of the order of 100-500 pc per litre of air. The large amount of ventilation required in their mines might be thought necessarily to lead to low radon and daughter concentrations; however, as Oosthuizen points out, this supposition may not be correct, for the operation of other factors, such as long intake airways, series ventilation, and low air-change rates may all have the net effect of allowing considerable radon and daughter concentrations in many working areas. High ventilation standards have, however, been maintained for a considerable period of the more than 60 years of mining operations in these South African mines. Uranium oxide associated with gold occurs in the conglomerates at various horizons of the Witwatersrand and other systems. Although uranium production did not start until the early 1950's, it can be assumed that the potential hazards associated with the presence of uranium ore existed since virtually the beginning of the goldmining industry in South Africa.
The incidence of lung cancer, as reported by Oosthuizen et al. (1958) on the basis of a series of necropsies on miners, was 3-5% or 23 cases among 650 necropsies, as compared with 5-4% of a series of 500 consecutive non-miner, male necropsies at the same hospital. There appeared to be no significant differences between the two series as far as average age at death and maximal age at death were concerned. No increased incidence with increased length of service or increased incidence with increased degree of silicosis could be demonstrated. While the defects inherent in necropsy series and discrimination against the elderly silicotic were admitted and discussed, the authors concluded that radioactivity of the air in the South African mines did not represent a serious health hazard.
This opinion is to some extent supported by many years of necropsy experience in that country. On the other hand, the hazard associated with the higher radon concentrations found in the payable ore areas of the gold mines cannot as yet be fully evaluated because of the comparatively recent emphasis on uranium mining in South Africa.
In Colorado, Jacoe (1953) measured radon concentrations in a number of non-uranium mines. Samples were usually collected at the working face.
The highest values found in three of the 30 metal mines studied were 2,100 and 1,200 pc per litre (ventilation stated to be poor in both cases) and 575 pc per litre (mine said to contain small, uneconomic quantities of pitchblende). Concentrations in the other 27 metal mines ranged from 10 to 340 pc per litre. In 12 clay and coal mines, concentrations ranged from 0 to 540 pc per litre. In New York State, Harris (1954) investigated 14 underground workings, including a cavern, an abandoned mine, and iron, talc, gypsum, and rock-salt operating mines. Sampling was done primarily in dead-end drifts where the ventilation was said to be effectively zero. The highest radon concentration found was 110 pc per litre in the cavern; in the mines, values ranged from 0-1 to 40 pc per litre. No clinical information is at present available for these areas.
The data in Table 11 suggest that there may be some association between the average levels of radioactivity in the air and the incidence of lung cancer. Assuming the validity of these comparisons and using the duration of exposure, induction period, and age at death as a measure of the severity of 'risk', the differences noted between the St. Lawrence data and those for Jachymov and Schneeberg become of interest. These differences may be due in part to the more accurate computation of the duration of exposure that was used for the St. Lawrence miners. They may be altered by consideration of the effects of a younger age at entry into risk, consideration of inaccuracies inherent in the use of the incidence of lung cancer as a percentage of total deaths, and by a more accurate estimate of the average concentration of radioactivity to which the St. Lawrence miners were exposed. This latter factor will require more measurements in stopes under conditions of ventilation similar to those that existed before mechanical ventilation was installed and, if possible, measurements in mines that are now closed. Such factors are being investigated.
Conclusion
The data presented support the hypothesis that an occupational factor is involved in the aetiology of lung cancer among the fluorspar miners of St. Lawrence, at least as a precipitating or site-potentiating factor. The most important single or contributing factor known is exposure to relatively high concentrations of radon and its daughters in the mine air.
